ABSTRACT Before embarking on the 5Ð10 yr effort it can take to transfer plant resistance (R) genes to adapted crop cultivars, a question must be asked: is the pest a sufÞcient threat to warrant this effort? We used the recently discovered female-produced sex pheromone of the Hessian ßy, Mayetiola destructor (Say) (Diptera: Cecidomyiidae), to explore this question for populations in the Upper Great Plains. Methods for pheromone trapping were established and trapping data were used to explore geographic distribution, phenology, and density. The pheromone lure remained attractive for up to 10 d and only attracted male Hessian ßies. Traps placed within the crop canopy caught ßies but traps placed above the crop canopy did not. Hessian ßies were trapped throughout North Dakota starting in the spring and continuing through the summer and autumn. Densities were low in the spring but increased greatly during the early part of the summer, with peak adult emergence taking place at a time (July/August) when spring wheat was being harvested and winter wheat had not yet been planted. In the autumn, adults were found at a time when winter wheat seedlings are growing. The discovery of ßies on Conservation Reserve Program land supports the idea that pasture grasses serve as alternate hosts. We conclude that the Hessian ßy is a risk to wheat in the Upper Great Plains and predict that global warming and the increasing cultivation of winter wheat will add to this risk.
When the only tactic available to control an insect pest is plant resistance, implementation can take 5Ð10 yr. The Þrst question that must be answered: is the pest a sufÞcient threat to warrant breeding resistance traits into the elite crop cultivars that are adapted for the region? A second question is: will plant breeders be willing to add the resistance (R) gene(s) to their breeding programs, making resistance as much of a priority as yield, quality, and resistance to other agents of biotic stress, such as pathogens? A third question arises when multiple R genes are available for controlling the insect: which should be chosen and how should they be deployed? This will depend on at least two things, which genes are most effective for the pest populations that occur in the region and which genes are easiest to move into elite cultivars.
The most effective tactic for controlling the Hessian ßy, Mayetiola destructor (Say) (Diptera: Cecidomyiidae), is plant resistance conferred by H genes (Ratcliffe and Hatchett 1997, Berzonsky et al. 2003 , Wise et al. 2006 , Porter et al. 2009 ). Many of the Ͼ32 identiÞed H genes are very effective. Larvae die within 3Ð5 d of attacking resistant wheat, Triticum aestivum (L.), and do not grow . Little or no damage occurs during the 3Ð5 d that precede larval death, and attacked resistant plants produce the same, or even better, yields and quality as nonattacked plants . H genes are attractive for plant breeders because the resistant plant pays no Þtness cost .
A problem for H-gene mediated resistance is parasite adaptation (Bent and MacKay 2007) . A mutation in the Hessian ßyÕs matching Avirulence (Avr) gene makes the ßy ÔvirulentÕ and able to survive on the H gene-protected plant (Gallun 1977 , Stuart et al. 2012 , albeit with a Þtness cost (Zhang et al. 2011) . Virulence within Hessian ßy populations means that choosing the right H gene is critical for achieving durable resistance (Cambron et al. 2010) . The H gene that is chosen for the region is the one for which there is the least virulence within populations. Only a few H genes provide this all-inclusive resistance, for example, the H26 gene discovered in an ancestor of wheat, Aegilops tauschii (Cosson) (Cox et al. 1994 , Yu et al. 2009 ). Stacking R genes also is expected to provide durable resistance but it requires reliable molecular markers, such as those for H9, H13, H18, H26, and H32 (Dweikat et al. 1997; Liu et al. 2005; Wang et al. 2006; Yu et al. 2009 Yu et al. , 2010 .
A question for wheat grown in the Upper Great Plains: is the Hessian ßy a sufÞcient threat to warrant breeding resistance traits into regionally adapted elite cultivars? The presence of the Hessian ßy in North Dakota has been known for almost 100 yr (Webster 1915) . In the 1940s the extension entomologist at North Dakota Agricultural College (now North Dakota State University [NDSU] ) reported on an outbreak and brießy described its lifecycle (Butcher 1946) . Over subsequent decades, sporadic outbreaks in North Dakota and neighboring states suggested that the Hessian ßy is widely distributed and capable of rapid population growth. SigniÞcant outbreaks occurred in northeast South Dakota in 1978 (Walgenbach et al. 1978 , in southeast North Dakota in 1991 (Nelson et al. 1991) and in northeast North Dakota in 2003 (Glogoza 2004) . A survey of stem-feeding insects of wheat showed that 38% of Þelds were infested with Hessian ßy in a survey area encompassing parts of Montana, North Dakota, South Dakota, Nebraska, and Wyoming (Shanower and Waters 2006) .
Two predicted changes complicate the pest status of the Hessian ßy in the Upper Great Plains. The Þrst is a changing climate (Badh et al. 2009, Dunnell and Travers 2011) . Starting in the late 1800s, each decade has seen an average of 1.2 d added to North DakotaÕs growing season (Badh et al. 2009 ). Longer growing seasons create the potential for additional Hessian ßy generations, and more rapid population growth (Barnes 1956 ). The second change concerns cropping systems. Traditionally winter wheat is rarely grown. For example in 2010 only 134,000 ha of winter wheat were planted in North Dakota as compared with 2.6 million hectares of spring wheat (USDAÐNASS 2011). However, this is now changing. One push to increase winter wheat comes from hunters who appreciate the cover it provides for wildlife, for example, migratory birds, during nesting in the spring (Prairie Grains Magazine 2009). A second reason is climate change, which is expected to drive the northward expansion of winter wheat (Ortiz et al. 2008) . Together a longer growing season and expanded cultivation of winter wheat seem likely to increase the pest potential of the Hessian ßy in the Upper Great Plains.
We used the recently identiÞed female-produced sex pheromone of the Hessian ßy (Andersson et al. 2009 ) to explore the threat the Hessian ßy poses to wheat in the Upper Great Plains. Studies on the Hessian ßy sex pheromone began in the early 1920s, when Cartwright (1922) showed, in the Þeld, that caged virgin females attracted male ßies over distances of at least 3 m. In subsequent studies it was shown that males are receptive to calling female ßies throughout their short 1-d lifespan (McKay and Hatchett 1984, Bergh et al. 1990 ). In 1991, the major component of the sex pheromone was identiÞed (Foster et al. 1991) . Its failure to attract males in the Þeld led to Ͼ15 more years of bioassay-driven isolation and identiÞcation of four other pheromone components (Andersson et al. 2009 ). The Þve-component blend attracted Hessian ßy males in the laboratory, small plots, and harvested Kansas wheat Þelds (Andersson et al. 2009 ). We expanded on these studies by establishing methods for using the sex pheromone to monitor Hessian ßy populations, asking: How many days does the sex pheromone lure remain attractive? Which of two pheromone release substrates, polyethylene caps or rubber septa, is better for trapping males? What is the optimal height for placing traps in wheat Þelds? Does the trap attract other insects that might be confused with the Hessian ßy? We then deployed sex pheromone-baited traps in various regions of North Dakota (Fig. 1 ) to explore threats posed by the Hessian ßy to wheat in the Upper Great Plains.
Methods and Materials
Pheromone Lures, Dispensers, and Delta Traps. The Hessian ßy sex pheromone used in the studies was the Þve-component blend described in Andersson et al. (2009) . The components were: (2S)-tridec-2-yl acetate, (2S, 10E)-10-tridecen-2-yl acetate, (2S, 10E)-10-tridecen-2-ol, (2S, 8Z, 10E)-8, 10-tridecadien-2-yl acetate, (2S, 8E, 10E)-8, and 10-tridecadien-2-yl acetate. The components were applied at a ratio of 10: 100:10:10:10 g per dispenser (100 g of the main component (2S, 10E)-10-tridecen-2-yl acetate and 10 g of the others). The pheromone blend dose and ratio of components were the same in all 3 yr of testing (2008 Ð2010) . The sex pheromone was loaded on either 10 mm (internal diameter [i.d.] ) polyethylene (PE) dispensers (Semadeni, Ostermundigen, Switzerland) or 9 mm (i.d.) rubber septa dispensers (PheroNet, Alnarp, Sweden). The sex pheromone dispenser was stapled to the inside of a delta trap (PheroNet) so that it was positioned at the top center of the trap. A sticky card insert (9 ϫ 15 cm PheroNet) was placed on the bottom of the trap in all experiments.
Pheromone Trapping Protocol. All pheromone traps were placed 30 cm above the soil surface, the exception being the study to determine optimal trap height. The delta trap was attached to either a 1m long ϫ 1 cm diameter metal pole (lure response and seasonal abundance study) or a 1.5 m long ϫ l.3 cm diameter metal pole (lure longevity and optimal trap height study). In all instances the delta trap was attached to the pole with a plastic cable tie. In studies to determine seasonal abundance and distribution of the Hessian ßies, pheromone traps were deployed in the Þeld for the entire growing season. In all years, sticky cards were replaced every week and delta traps and pheromone lures were replaced every 2 wk. Used sticky cards were placed individually in 1-gallon selfsealing plastic bags and held in a freezer (Ϫ20 Ϯ 2ЊC) until being examined in the laboratory. Using a stereomicroscope (6 Ð12X), we recorded the presence of male Hessian ßies, other Diptera belonging to the same suborder as the Hessian ßy (Nematocera) and Hymenoptera (e.g., possible parasitoids of the Hessian ßy). A sub-sample of specimens from the sticky cards was sent to Dr. Raymond Gagné at the USDA-Systematic Entomology Laboratory, Beltsville, MD, to conÞrm our identiÞcations.
Locations of Field Tests. Trapping locations ( Fig. 1 ) were chosen to represent the major climatic and cropping regions of the state. Climate data for each location was provided by the North Dakota Agricultural Weather Network (NDAWN), and information on cropping systems for each area was provided by the UDSA-National Agricultural Statistics Service (US-DAÐNASS 2011). The three locations representing the southeast part of North Dakota are Fargo (46Њ 53Ј50Љ N, Ϫ96Њ 48Ј44Љ W), Prosper (47Њ 0Ј6Љ N, Ϫ97Њ 6Ј53Љ W), and Casselton (46Њ 52Ј49Љ N, Ϫ97Њ 14Ј53Љ W). They have a relatively long frost-free period and abundant rainfall throughout the season. The dominant commodities in the cropping system are spring wheat, corn, soybean, and sugar beet. The northeastern location was represented by Langdon, ND (48Њ 45Ј25Љ N, Ϫ98Њ 20Ј28Љ W). Langdon has one of the highest precipitation rates in the state but a relatively short growing season. To accommodate this regionÕs shorter season, spring wheat, canola, and soybean are commonly grown. The northwest location was Divide County, ND (48Њ 42Ј59Љ N, Ϫ103Њ 32Ј2Ј W). Divide is the northwestern-most county in the state and typically has a semiarid climate with a short growing season. Spring wheat, durum wheat, ßax, and pulse crops are commonly grown in this northern location. The southwestern location was Dickinson, ND (46Њ 53Ј42Љ N, Ϫ102Њ 48Ј47Љ W). Dickinson experiences relatively long warm growing seasons, and like the Divide County location, evapotranspiration exceeds growing season precipitation. Half of the land area in southwest North Dakota is under introduced and native grass hay and pasture while the remaining land is devoted to spring wheat, sunßower, corn, pulse crops, ßax, oat, and canola.
Pheromone Lure Longevity. The activity period of the lures was evaluated at the NDSU Langdon Research Extension Center in July/August 2009. The large number of second generation Hessian ßy observed at the centerÕs wheat research plots in 2008 was the reason Langdon was chosen. Tests were conducted in a 10 hectare Þeld of ÔFallerÕ hard red spring wheat that had matured to early milk development, ZadokÕs stage Z73 (Zadok et al. 1974 ). In total, eight treatments were evaluated: PE dispensers loaded with the 2009 batch of the sex pheromone and either not preaged or preaged outdoors for 5, 12, or 20 d, PE dispensers loaded with the 2008 batch of the sex pheromone and not preaged, rubber septa dispensers loaded with the 2009 batch of the sex pheromone and either not preaged or preaged outdoors for 20 d, and an unbaited control. To preage the pheromone lures, individual lures were placed in delta traps and hung from poles at an outdoor location on the NDSU campus. While being aged the traps were exposed to weather conditions typical for the Þeld. Before the start of this study all lures had been stored in sealed foil-lined pouches in the freezer (Ϫ20 Ϯ 2ЊC). The treatments were evaluated in a randomized complete block design, with a total of Þve blocks and each treatment represented once per block. Spacing was 3 m between treatments within a block, and 3 m between blocks. The Þrst block was Ϸ10 m from the Þeld margin and the remaining blocks extended toward the center of the Þeld parallel with the Þeld edge. The spacing of 3 m between traps was selected based on Þeld observations that indicated that males are attracted to the female sex pheromone from 3 m away with a zone of attraction particularly strong within 1 m of the calling female (Cartwright 1922) . Because traps were in the Þeld for a total of 5 d, a lure that had not been preaged was now aged 5 d by the end of the test. The evaluation began on 29 July and ended on 3 August 2009, a time period that coincided with significant adult Hessian ßy emergence.
Optimal Height of Traps. The best height at which to place the pheromone baited traps was evaluated at the NDSU Langdon Research Extension Center in July/August 2009. Evaluations were conducted in the same 10 hectare Þeld of Faller wheat used in the sex pheromone longevity study. The trap height study was conducted at the same time as the pheromone longevity study but was placed Ϸ100 m away. Four treatments were evaluated: 15, 30, 60, or 120 cm above the soil surface. Lures were PE dispensers loaded with the 2009 batch of the sex pheromone. As with the previous study, the treatments were evaluated in a randomized complete block design, with a total of Þve blocks and each treatment represented once per block. There was 3 m spacing between treatments within a block, and 3 m spacing between blocks. The Þrst block was Ϸ3 m from a vehicle trail running through the wheat Þeld. The remaining blocks extended toward the center of the Þeld parallel with the trail. The test began on 30 July and ended on 3 August 2009.
Seasonal Abundance. During the three Þeld seasons (2008 Ð2010) sex pheromone baited traps were placed at the six preselected locations previously described (Fig. 1 ). Traps were placed in or immediately adjacent to cropland in the spring and were maintained until the end of the growing season. In 2008, at each of the six locations there were three pheromone baited traps. The distance between traps ranged from 100 to 400 m. In 2009, at the same locations, there were six pheromone traps that consisted of three pairs of traps, one baited with the sex pheromone lure and the other was left unbaited. The paired traps were separated by 1.5 m, while each pair was separated by at least 100 m. In 2010 only one pheromone trap was placed at each location and only the pheromone treatment was deployed.
Hessian Fly on Conservation Land. In 2009, Hessian ßies were monitored on a 300 ϫ 800 m Þeld of Conservation Reserve Program (CRP) land. The CRP site was located in Divide County Ϸ2 km from the other Divide County pheromone trapping location (48Њ 42Ј37Љ N, Ϫ103Њ 32Ј43Љ W). The site was established as CRP in 1991 and is predominately crested wheatgrass, Agropyron cristatum (L.), and smooth bromegrass, Bromus inermis (L.). A north to south transect of three pheromone baited traps paired with unbaited traps was placed in the CRP on 2 May and was maintained until 7 October. Native prairie bordered the CRP site on the east and west Ϸ150 m from and parallel to the transect line, and wheat Þelds bordered on the north and south. The transect was Ϸ800 m long with the north and south trapping sites Ϸ100 m from the nearest wheat Þeld and the middle site Ϸ400 m from wheat.
Statistical Analysis. Data were analyzed using JMP version four (SAS Institute 2001), and SAS version 9.1.3 (SAS Institute 2003). Because the response variables were count data, a negative binomial model with a log-link was used to test for signiÞcant effects (Agresti 2002) . For analysis of pheromone lure longevity and optimal lure placement, the effects of pheromone treatment and block were tested. When the F-test showed signiÞcant effects, means were compared using TukeyÐKramer honestly signiÞcant difference (HSD) at P Ͻ 0.05.
Results
Pheromone Lure Longevity. The number of male Hessian ßy captured over a 5 d period (Fig. 2) was inßuenced by the pheromone treatment (F 7,28 ϭ 59.22; P Ͻ 0.0001) but not by the effect of blocking (F 4,28 ϭ 1.39; P ϭ 0.262). The most attractive lures were those that were deployed immediately after being stored in the freezer or lures deployed after preaging for 5 d. A signiÞcant decrease in PE lure attractiveness occurred for the lures preaged for 12 and 20 d before deployment. Pheromone loaded onto rubber septa lures attracted few males, regardless the age of the lure, but did attract more males than controls without the pheromone. The attractiveness of PE lures preaged 20 d was not signiÞcantly different from that of the controls without pheromone (Fig. 2) . The year of lure preparation (2008 or 2009) had no effect and resulted in nearly identical trap catches, 124.0 Ϯ 10.1 males for the 2008 lure treatment versus 118.2 Ϯ 15.9 males for the 2009 lure treatment (mean for 2008 lure not shown in Fig. 2) .
Optimal Height of Traps. The number of male Hessian ßy captured (Fig. 3) was inßuenced by trap height (F 3, 12 ϭ 15.96; P ϭ 0.0002) but not by the effect of blocking (F 4, 12 ϭ 3.03; P ϭ 0.061). Traps that were placed within the crop canopy (that was Ϸ90 cm tall) at 15, 30, and 60 cm, were similar in ßies captured (Fig.  3) . Traps placed at 120 cm, Ϸ30 cm above the crop canopy, captured only one male.
Pheromone Specificity. Pheromone traps attracted only male Hessian ßy (Fig. 4) . When the paired traps with and without the sex pheromone were deployed at the six state-wide locations in 2009, signiÞcantly more Hessian ßy males were attracted to the pheromone traps than the control traps (F 1, 750 ϭ 237.95; P Ͻ 0.0001) with only six male Hessian ßies collected in the control traps. In contrast, Hymenoptera, and other dipterans that might be confused with the Hessian ßy (Suborder: Nematocera) (Fig. 4) , were captured equally by the pheromone and control traps (Hymenoptera F 1, 750 ϭ 0.047, P ϭ 0.493; Diptera F 1, 750 ϭ 0.01, P ϭ 0.903).
Seasonal Abundance. Data from three seasons and the six trapping locations indicated that Hessian ßy males were present throughout the growing season (Fig. 5) . During the years of the study the Langdon location in northeastern North Dakota trapped the most ßies (note scale for Langdon is different in Fig.  5 ). The Prosper location in southeastern North Dakota was next in abundance. Peak trap catches of male Hessian ßy usually occurred in July (Fig. 5) . However, peak dates as early as late June or as late as early September were not uncommon (Table 1) . Hessian ßy pheromone traps collected Hessian ßy early in the spring (Table 1) , often in the very Þrst trap deployed that year. In Fig. 6 trapping data are shown in greater detail for the spring and fall. In the spring at the Fargo location (Fig. 6A ) ßies were found on 5 June in 2008, on 27 May in 2009, and on 28 April in 2010. In the fall at the Prosper location the latest ßy captures occurred in late October (Fig. 6B) .
Hessian Fly on Conservation Land. All sex pheromone baited traps on the NorthÐSouth transect captured ßies (Fig. 7) . Over the entire season, the northern-most trapping site captured 305 Hessian ßies, the middle site captured 97, and the southern-most site captured 260 Hessian ßies. First collection of Hessian ßy occurred on 10 May. Peak Hessian ßy trapped coincided for all three sites in early August. The last Hessian ßy collected at the CRP site was on 7 October.
Discussion
Our study provides methods for using the Hessian ßy sex pheromone for population monitoring. We Þrst determined how often lures need to be changed to continuously trap males. Lures were effective for up to 10 d, but after that their ability to attract males was greatly reduced (Fig. 2) . It was hoped that rubber septa lures would provide a more long lasting release system than the polyethylene dispensers. However, rubber septa lures loaded with the sex pheromone barely attracted more males than the unbaited control. Why the rubber septa performed so poorly is unknown. Possibly the pheromone components were not released at a high enough dosage. Thus, loading the rubber septa with a higher dose might make them more attractive and longer lasting, as is done for some other gall midge species (Hall et al. 2012) . However, the cost of this might be prohibitive.
Proper placement of traps relative to the crop is an important factor in the effective use of sex pheromones (McNeil 1991 , Hall et al. 2012 . Our results demonstrated that even when Hessian ßies are relatively abundant, as was the case at the Langdon site, an improperly placed trap will not catch males. While traps placed within the crop canopy at 15, 30, and 60 cm captured similar numbers of male Hessian ßy, traps placed 30 cm above the canopy (at 120 cm) trapped almost nothing (Fig. 3) . The maturity of the wheat Þeld will be important for trap placement. In our test the wheat plants were at or near their maximum height (90 cm). Thus, the pheromone traps at 120 cm were the only traps not sheltered by the crop canopy. Our recommendation is to place pheromone traps at 30 cm above the soil preferably in a sheltered location (i.e., within the crop canopy or in a grassy Þeld margin). At 30 cm the traps will be low enough to be in the zone where male ßight occurs, but also high enough to not have wind-blown dirt and debris Þll the sticky surface of the trap. A sheltered microclimate is important. The Hessian ßy is not a strong ßier (Withers and Harris 1997) . The observation that gall midges ßy near ground level or within the crop canopy has also been made for other gall midges (Wall et al. 1991 , Pivnick 1993 , Hillbur et al. 2005 , Cross and Hall 2009 ).
Together our studies in wheat Þelds in North Dakota and the original study in harvested wheat Þelds in Kansas (Andersson et al. 2009 ) demonstrate that pheromone trapping is a reliable and easy method for monitoring Hessian ßy populations. Hessian ßy males responded readily to the Þve-component pheromone lure, as demonstrated by the capture of males at all locations in North Dakota during the 3 yr of our study (Fig. 5) . The overwhelming number of males captured in pheromone traps (nearly 11,000) as compared with the small number of males captured in unbaited control traps (six) conÞrms that the pheromone is attracting the Hessian ßy (Fig. 4) and that very few males end up in traps as a result of random encounters. One thing that complicates monitoring with pheromones is the presence of insects on the sticky card that can be confused with the targeted insect. Insects that could be confused with the Hessian ßy were not found in pheromone traps deployed in North Dakota (Fig. 4) or Kansas (Andersson et al. 2009 ). There also was no indication (Fig. 4) that the sex pheromone attracts egg parasitoids (e.g., Platygaster hiemalis Forbes; Barnes 1956 ), which are plentiful in North Dakota. This can occur in host-parasitoid interactions if the sex pheromone comprises a reliable signal to parasitoids for the presence of host eggs (Zuk and Kolluru 1998) . This is Fig. 4 . Insects (mean Ϯ SEM) found in sex pheromone traps (dark bars) and no lure control traps (light bars) at six North Dakota sites. Traps were checked for male Hessian ßies, ßies in the suborder Nematocera that might be confused with the Hessian ßy and Hymenoptera, which could be parasitoids of the Hessian ßy. Numbers of Hessian ßy were signiÞcantly different (P Ͻ 0.001) while numbers of other Diptera, as well as Hymenoptera, were not different (NS).
not the case for the Hessian ßy inasmuch as mating and oviposition can take place in very different locations (Harris and Foster 1999) .
Sex pheromone trapping was useful for documenting Hessian ßy phenology, including precise information on when egglaying takes place. This is because eclosion of adult males and females is synchronized, mating follows soon after eclosion, oviposition begins 1Ð2 h later, eggs are deposited on plants within a period of 3Ð 4 h, and most adults are dead within 24 h (Fig. 1) for 2008, 2009 , and 2010. The black bar beneath the x-axis denotes the harvest period for spring wheat for this region. The gray bar beneath the x-axis denote the optimal planting period for winter wheat. of eclosion (Gagné 1989 , Harris and Foster 1999 . Initial appearance of adult males in the spring was variable, ranging from late April to early June (Table 1) . Trapping in Fargo typiÞed this variability (Fig. 6A) . Males appeared as early as 28 April in 2010 (the Þrst date a trap was placed in the Þeld) and as late as 5 June in 2008 and 27 May in 2009 (not the Þrst date for trap placement). This coincided with year-to-year variation in the arrival of spring in the Upper Great Plains (Table 2 ). While soil moisture was abundant in all years of the study, the spring of 2010 was noteworthy for arriving early, with the growing season continuing to be warmer than average. FargoÕs average April soil temperature was 8.4ЊC in 2010, in contrast to 3.6 and 3.3ЊC in 2008 and 2009, respectively (Table 2 ). Spring emergence of the Hessian ßy depends on both temperature and moisture conditions (Cartwright 1922 , McColloch 1923 , Barnes 1956 , Wellso 1991 . The large increases in trap catches that took place from the Þrst brood (April/May/June) to the second brood (July/August) indicate that the Hessian ßy has signiÞcant potential for population growth, this being especially true in northeastern North Dakota at Langdon (Fig. 5) . The peak occurring in midsummer usually was the largest (Table 1) . This peak was delayed in 2009, the year that experienced the coldest growing season (Tables 1 and 2 ). We found no evidence of a generation that aestivates during the hottest part of the summer, a phenomenon that occurs in populations to the south (Wellso 1991) . This Þnding generally agrees with the suggestion that summer aestivation of Hessian ßy populations only occurs below 50Њ N latitude (Criddle 1915 , Wellso 1991 . Our study sites ranged from 47 to 49Њ N latitude.
Peak eclosion of Hessian ßy adults is poorly timed relative to susceptibility of crop hosts, being too late to impact cereals sown in the spring, and too early to affect winter wheat sown in the autumn. Female Hessian ßies prefer to oviposit on the young leaves of seedlings or tillers, with the early stages of stem elongation being a second-best option (Barnes 1956 . Hessian ßy larvae, being gall-makers , have speciÞc requirements for colo- nization, requiring relatively undifferentiated epidermal cells that can be manipulated to form nutritive gall tissue. They are not found attacking wheat seed heads. The timing of peak adult eclosion relative to crop development could explain why, despite tremendous numbers of ßies in traps at Langdon at midsummer (703 males trapped from 21Ð28 July 2008; Fig. 5 ), no crop loss was reported.
What then are Hessian ßy females laying eggs on during peak emergence in midsummer? Late-planted wheat and volunteer wheat can serve as hosts for ßies in July and August (Barnes 1956 ). Native and introduced grasses other than wheat also may serve as hosts. The Hessian ßy can reproduce successfully on grasses belonging to 17 genera and two tribes, Triticeae and Bromeae (McColloch 1923 , Jones 1936 , Barnes 1956 . In North Dakota, native and introduced grasses are often found growing in close proximity to wheat Þelds. Native grasses, such as Canada wildrye, Elymus canadensis (L.), and western wheatgrass, Pascopyrum smithii (Rydb.), and introduced grasses such as intermediate wheatgrass, Thinopyrum intermedium (Host), and crested wheatgrass, Agropyron cristatum (L.), are common in pastures and are known hosts of the Hessian ßy (Jones 1936) .
The idea that populations use noncrop grasses as hosts was supported by the discovery of Hessian ßies on CRP land. Currently North Dakota has nearly one million hectares of CRP (USDAÐFSA 2011), making it a signiÞcant part of the agricultural landscape. At the time of our study in 2009, the CRP trapping site in northwestern North Dakota (Divide County) had been enrolled continuously for almost 20 yr. Given the distance between the nearest wheat Þeld and the ÔmiddleÕ trapping site on CRP land (400 m; Fig. 7) , it seems unlikely that the captured males were migrants from wheat Þelds. Male gall midges move very little except when stimulated by the femaleÕs sex pheromone (Bergh et al. 1990, Harris and Foster 1999) . Moreover, the majority of the ßies collected in the early spring were captured at the middle site, which was at the greatest distance from neighboring wheat Þelds (Fig. 7) . Crested wheatgrass, a known host of the Hessian ßy (Jones 1936) , is one of the dominant species in this CRP planting. The use of noncrop grasses growing in pastures and CRP, as well as along roadsides, is important because it means that the Hessian ßy has refuges where populations can be maintained at low levels until superior crop hosts become available.
Hessian ßy activity in the autumn suggests that, should winter wheat become a more important crop in the Upper Great Plains, the Hessian ßy will be there to attack it. The last males that we captured were found in traps deployed in late September into October (Table 1) , but in many cases this was the last trapping date of the season. This means that we have probably underestimated the extent of Hessian ßy activity late in the season. At the Prosper location (Fig.  6B) , the last ßy was collected on 28 October, 21 October, and 30 September in 2008 , respectively. The presence of adults this late in the season raises the question: are their offspring capable of developing to the required stage before winter comes? The Hessian ßy overwinters as a nonfeeding third instar larva, which is encased in a puparium referred to as a ÔßaxseedÕ (Gagné 1989) . Studies on thermal requirements indicate that Hessian ßy eggs oviposited at the onset of cold weather may not develop Taylor 1975, Buntin and Chapin 1990) . However, the discovery of second instar larvae attacking volunteer wheat on 18 October, 1946 near New England, ND (Butcher 1946) , provides anecdotal evidence that, if host plants are available and the weather is mild, a late overwintering generation can develop on wheat. The presence of a late generation is a concern for farmers growing winter wheat. In North Dakota the recommended planting time for winter wheat is from 1Ð15 September in the northern half of the state and from 15Ð30 September in the southern half of the state (Peel and Riveland 1997) . Based on trapping data and the rate at which seedlings grow, it is likely that Hessian ßy adults emerge late enough in the autumn to attack winter wheat in the Upper Great Plains.
We began by asking whether the Hessian ßy is a sufÞcient threat to consider breeding H gene-mediated resistance into regionally adapted elite cultivars. The answer ÔyesÕ is based on the Hessian ßyÕs wide distribution in North Dakota, presence throughout the growing season, and ability to greatly increase numbers in a single generation, coupled with the stateÕs changing cropping systems and expanding growing season because of climate change (Badh et al. 2009, Dunnell and Travers 2011) . It should be noted that determining threats from the Hessian ßy would have been extremely difÞcult without the recently identiÞed Hessian ßy sex pheromone Foster 1999, Andersson et al. 2009 ). In the past, estimates of Hessian ßy populations have come from the destructive sampling of thousands of wheat plants, the aim being to Þnd tiny larvae, which are hidden within the encircling leaf sheaths at the base of the plant (Berzonsky et al. 2003) . Having a pheromone trapping methods eliminates this tedious sampling of wheat plants and also allows populations to be monitored when wheat is not present, that is, to sample populations on noncrop hosts. Sex pheromone trapping also will beneÞt the next step toward durable plant resistance. This is a determination of the virulence status of the regionÕs populations to the currently available set of H resistance genes (Porter et al. 2009 ). In a recent study (Cambron et al. 2010) , virulence frequencies for southeastern Hessian ßy populations were scored by laborious rearing of numerous Hessian ßy populations on a variety of wheat genotypes, each carrying a single H gene. However, now that the Hessian ßy Avirulence (Avr) genes matching the H resistance genes are being identiÞed (Stuart et al. 2012) , it is expected that DNA tests will streamline the scoring of virulence in the future. The role the sex pheromone will play in this new technology is to make it easier to Þnd the Hessian ßies that are subjected to the DNA testing.
